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We report on the effect of the quantum statistics on the two-proton spin correlation (SC) in cold 
and thermal nuclear matter. We have found that two nucleons SC function can be well approximated 
by a guassian with correlations length a ~ 1.2 fm. We have proposed SC measurement on low 
protons energy as test of the quark-gluon plasma formation in relativistic heavy ions collisions. 
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Lattice QCD predict a phase transition from Hadrons 
gaz (HG) to quark-gluon plasma (QGP) at deconfinc- 
ment temperature, Td ~ 170 MeV. It is believed that Td 
has been reached in the relativistic heavy ions collision. 
Several signatures of the QGP formation have been pro- 
posed in the literature. The proposed signatures include: 

• Dilepton production; 

• Photon production; 

• Hanbury-Brown-Twiss Effect; 

• Strangeness enhancement; 

• J/ty suppression. 

All this effect have been intensively studied in the litera- 
ture. For example, strangeness enhancement 1] has been 
observed at the SPS energy and recently at RHIC. How- 
ever, it has been shown that strangeness enhancement 
can be explained in terms of statistical model formulated 
in canonical ensemble with respect to strangeness conser- 
vation Q . This problem also hold for other signatures in 
the sense that those signatures can be considered as clear 
indication in the favor of QGP formation but not deci- 
sive. Therefore, one may ask the following question: is 
there exists a signature that shows up only in one phase 
(QGP or HG) and not in the other one? This will be our 
goal. In this paper, we propose the spin correlation (SC) 
measurement as fundamental probe. SC discussed here is 
due to the indistinguishability of nucleons and the exis- 
tence of quantum statistic discussed, in different context, 
in 0. 

It is known that if the QGP is produced in relativistic 
heavy ions collision a supercooling and sudden hadroniza- 
tion is expected p|. Therefore, in this scenario, the 
hadrons are produced from phase space. Thus, from this 
point of view, SC due to the quantum statistics will not 
play a role as the hadrons produced suddenly and es- 
cape from the local volume. However, if the hadrons 
are produced from HG phase they have to respect quan- 
tum statistics. Therefore, a possible SC can be expected. 
To the best of our knowledge, for a non-comprehensible 
reason, this effect has been rarely studied explicitly in 
nuclear physics 

In the next section we aim on the evaluation of the SC 
function, the quantum, and the classical correlations be- 
tween two protons inside a nucleus. In section II we will 




0.5 1.0 1.5 2.0 2.5 3.0 



Fig. 1: The correlation function at 0° (dotted line), the rel- 
ative entropy of entanglement (dashed line) and the classical 
correlations (solid line) are depicted in dependence on kjr. 
Small circles represent our predictions for the nuclear matter 
where we have used kf ~ 1.27 fm -1 and r ~ 1.2 fm.. The 
large dashed line represent the gaussian approximation of the 
mixing parameter. 



discuss the two-proton SC function in thermal nuclear 
matter as test of QGP formation. Finally our conclusion 
is given in section III. 



I. SC IN COLD NUCLEAR MATTER 

In this section, we will evaluate the correlations be- 
tween two nucleons (protons or neutrons) in Fermi sea 
approach to nuclear matter 0, [l0| • Therefore, in the co- 
ordinate representation, the density matrix elements of 
two nucleons are 



(*o|^ ri < ri ^ 2r2 ^ iri |*o), (1) 

where t/w = y Ek and |* ) = U\k\<k f a lkl°) 

is the ground state of the system. As usual, in the con- 
tinuum limits [a£. k , (Vk'] = 8 aa i5i}a — k'). 

A straightforward calculations gives the explicit form 
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Fig. 2: The mixing parameter p(r) at T = (solid line) and 
for T = 0.2fiB (dashed line). 



of the two-particle space-spin density matrix 



sp 



1 



-(Ffn-^-r',)^,^ 
-^(n-r^^ra-r;)^^^) 



(2) 



with F(r) — y J^k e * k Depending on the space density 
matrix, two spins may be entangled. We obtain Vedral's 
result [3 only if ri = and r2 = r 2 , that is, only diag- 
onal elements of a space density matrix are considered. 
The two-spin density matrix, depending on the relative 
distance between two nucleons r = |i"i — ral, reads 



/I-/ 2 



4-2/2 



V 




(3) 



f(r) = 3ji(kfr)/kfT and ji is the spherical Bessel func- 
tion. We find that p s is a Werner state characterized by 
a single parameter p = / 2 /(2 — / 2 ). 

In Fig. we show as function of kjr the correlation 
function at 0° El 
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Ntotal 



pcos(6), (4) 



(9 is the angle between the quantization axis and + and 
— represent the positive and negative spin projection on 
the quantization axis) and the relative entropy of entan- 
glement 0, 



E r = min S(p\\p*) , 
P*ex> 



(5) 



where V is a set of all separable states in the Hilbert 
space in which p is defined. Also shown in Fig. ^ the 
classical correlations 81, 



= S(j>\\pA ® Pfl) 



min SVIIP*)- 

p*6X> 



where and are the reduced density matrices. The 
small circles in Fig. ^ represent our predictions for the 
nuclear matter with typical values of kf ~ 1.27 fm -1 and 
r ~ 1.2 fm 00]. We observe that the mixing parame- 
ter, p(r) = P(0°), can be approximated with a gaussian 
function 



p(r) 



(7) 



with a = 1.2 fm, see Fig. 1. 

The mixing parameter, p(r), can be measured exper- 
imentally. In fact, following Bertulani approach Q for 
weakly bound nucleons as in 1 H( 6 He, 2 He) 5 H reaction 
one can argue, using our results, that the relative energy 
distribution of the two outgoing proton 2 Hc without the 
final state interaction should reads 



cr(Ep P ) oc 



1 + e -R /2a [ cos (Jm n E pp /h 2 R)} 



where E pp is the relative energy between the two protons 
and R is the size of the source region. Therefore, from ex- 
perimental data |ll| we can extract the mixing parameter 
p{r) 03. Also our mixing parameter can be extracted 
from coulomb dissociation of 11 Li 0] see forthcoming 
paper [T^ . 



II. SC IN THERMAL NUCLEAR MATTER 

For simplicity we will only consider protons from the 
all known particles and resonances of HG. The formu- 
lation described in the above section can be applied in 
this case. However, at finite temperature the occupa- 
tion probability of state k is the Fermi Dirac distribu- 
tion n k = (l + e^ £k- ' <B )) -1 . As results the function f(r) 
should be replaced by: 



,ik-r 



Ek»k 



(9) 



From the last section we know that P(0°) = p = 
f 2 / (2 — f 2 ). Thus, in order to find the correlations func- 
tion, we need an estimation of /. Because, the thermal 
freeze out temperature is T t h ~ lOOMeV well below the 
baryonic chemical potential p,B ~ 266 MeV the cor- 
relation function can be approximated by p(r, T = 0) as 
it can be seen in Fig. [3 However, with this conditions 
kf ~ 10 fm -1 , thus the correlation function is zero. Nev- 
ertheless, we can still have correlation if we consider only 
the outgoing proton with momentum < 2fm~ 1 which 
produce a large amount of correlation ~ 0.25 that can 
be measured experimentally. For example, in 158 AGeV 
Pb-Pb collisions at SPS, assuming Bjorken scaling at the 
central rapidity with Ay ~ 0.2, the longitudinal dimen- 
sion of the volume is d = Ayr ~ 2fm. Thus, SC can 
be performed on those protons. A carbon analyzer as in 



is suitable for this analysis. 
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Moreover, our results can have effect on the two proton 
Hanbury-Brown-Twiss (HBT) interferometery. In fact, 
it is known that the two-proton correlation function is 
influenced by identical particle interference, short-range 
hadronic interaction, and long-range Coulomb repulsion. 
For noninteracting identical particles, the squared wave 
function has the form 



* 2 (q,r) oc 1 ±cos(2qr) 



(10) 



where the plus sign stands for singlet spin state and mi- 
nus sign for triplet. In the literature two assumption are 
frequently used |16| 

• spin parallel orientations (triplet) or, 

• random spin orientations. 

Clearly from the discussion above the situation can be 
different and contribution from singlet state can domi- 
nate for small frequency |12(. This effect can be seen in 
HBT interferometery by considering large relative energy 
in order to reduce the final state interaction 0, . 



III. CONCLUSION 



In this paper, we have proposed two-proton spin cor- 
relation measurement as potential test of the quark- 
gluon plasma formation in relativistic heavy ions colli- 
sions. We have found that a non negligible correlation 
can be measured experimentally for protons with mo- 
mentum < 2fm . A more detailed calculations will be 
addressed in the near future. 
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